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Cost-Effective,  Scalable  Optically  Pumped  Molecular  Lasers  (OPML) 
Final  Phase  1  Report,  Contract  No.  F29601-00-C-0095 


1.0  Summary 

Tjjg  V  =  0  ->3  transition  of  HBr  has  been  successfully  pumped  by  an  injection  seeded, 
NdiYAG  laser  operating  at  1.3391  pm  with  subsequent  laser  oscillation  at  4  pm.  In  performing 
this  task,  our  Phase  I  program  has  focused  on  demonstrating  the  important  physical  principles 
associated  with  this  process.  These  include  the  ability  to  narrow-band,  frequency  shift  and 
control  the  pump  source  and  the  ability  to  efficiently  couple  pump  energy  into  the  lasing 
species.  As  such,  the  critical  techniques  for  narrow-lining  the  optical  source,  temperature  tuning 
and  stabilizing  the  output  frequency  of  the  optical  source;  efficient  coupling  of  optical  energy 
into  the  molecular  laser;  and  efficient  optical  extraction  from  the  lasing  molecule  have  been 
demonstrated.  In  addition,  work  to  date  has  concentrated  on  high-resolution  spectroscopy  of  the 
HBr  and  Nd:YAG  laser  to  ensure  that  the  pump  source  can  be  made  to  overlap  an  HBr 
absorption. 

The  NdrYAG  is  forced  to  operate  in  the  1.3  pm  region  with  dielectric  mirrors  that  have  a 
high  reflectivity  at  1.3  pm  and  low  reflectivity  at  1.064  pm.  Course  frequency  tuning  of  the 
Nd:YAG  is  provided  through  temperature  control  of  the  YAG  rod.  The  1.34  pm  line  is  selected 
through  the  use  of  intracavity  etalons,  and  fine  frequency  control/  bandwidth  narrowing  is 
provided  by  injection  seeding  from  a  narrow  linewidth  tunable  diode  laser. 

The  important  parameter  of  demonstrating  efficient  and  scalable  lasing  will  be  demonstrated 
in  a  follow-on  SBIR  Phase  n  program.  To  date,  there  have  not  been  any  effects  discovered 
which  would  significantly  limit  scaling  to  higher  powers.  An  added  part  of  our  work  has  dealt 
with  examining  other  potential  high-power  OPML  candidates.  In  particular  we  examined 
molecular  iodine  and  find  it  to  have  great  potential  as  a  high  power  OPML  for  a  multitude  of 
DOD  missions.  The  greater  potential  of  molecular  iodine  for  meeting  a  variety  of  Air  Force 
needs  and  the  investor  support  has  encouraged  making  this  a  complementary  candidate  to  HBr 
in  the  follow-on  Phase  11  program.  The  following  sections  summarize  the  results  obtained  in 
this  Phase  I  contract. 
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2.0  Introduction 

2.1  Optically  Pumped  Molecular  Lasers  (OPML) 

Electrically  powered,  diode  and  fiber  laser  pumped,  molecular  gas  lasers  are  proposed  for  a 
wide  variety  of  important  military  missions.  The  important  advantages  that  these  laser  concepts 
offer  include  superior  beam  quality,  efficiency,  wavelength  diversity,  and  a  wide  range  of  power 
scaling  making  them  useful  for  a  variety  of  Air  Force  missions.  In  this  approach,  molecular 
gases  are  optically  excited  by  well-developed,  highly  efficient  optical  sources  such  as  solid-state 
lasers,  laser  diodes  or  doubled  fiber  lasers.  The  laser  gas  medium  can  effectively  act  as  a  beam¬ 
combining  medium,  where  it  combines  numerous  pump  apertures  into  a  single  coherent  beam. 
This  single  feature  is  the  key  to  scaling  laser  devices  to  much  higher  powers  than  the 
semiconductor  or  solid  state  approaches  alone.  Several  approaches  exist,  pumping  the  lasing 
molecule  directly  (the  method  employed  here),  pumping  a  long-lived,  storage  molecule,  which 
transfers  its  energy  to  a  lasing  species  or  pumping  a  molecule  to  a  dissociative  state  which 
yields  an  atom  in  a  state  of  inversion. 

The  HBr  molecule  is  a  promising  candidate  species  for  high  power  Optically  Pumped 
Molecular  Laser  (OPML)  applications  because  its  fundamental  vibrational  transition  lies  in  the 
3.9  to  4.1  pm  region,  which  overlaps  a  narrow  atmospheric  transmission  window.  Figure  1 
shows  the  results  of  a  HiTran  calculation  of  atmospheric  propagation  and  illustrates  the  narrow 
region  of  high  transmission  where  the  HBr  laser  would  operate. 


Figure  1 :  Transmission  in  the  atmosphere  in  the  4  pm  region. 
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Furthermore,  the  narrow  HBr  (v  =  0  ->  v  =  3)  overtone  absorption  lies  in  the  1.3  pm 
region,  which  makes  optical  pumping  of  HBr  by  high  power  Nd;  YAG  laser  a  strong 
prospect.  In  this  manner,  we  propose  the  development  of  an  HBr  laser  pumped  on  the 

0-3  vibrational  overtone  by  a  Nd:  YAG  laser. 

Although  diode  and  fiber  laser  pumped  molecular  gas  lasers  in  general,  and  the  HBr  laser 
in  particular,  have  not  received  ^preciable  attention  within  DoD,  there  appear  to  be  a  number  of 
compelling  reasons  for  developing  this  technology: 

a.  Very  rapid  advances  in  power  scaling  should  be  expected  because  of  the  use  of 
proven  diode/fiber  laser  and  gas  laser  technologies. 

b.  A  large  portion  of  the  investment  needed  to  scale  these  devices  to  high  power 

will  be  paid  for  by  commercial  industry  because  of  their  significant  investment  in  the 
rapidly  expanding  market  for  solid-state,  diode  and  fiber  laser  systems. 

c.  Wavelength  agile,  highly  efficient  systems  are  envisioned  which  can  offer 
substantial  advantages  for  applications  in  the  mid  infrared. 

d.  There  would  be  immediate  pay-off  in  commercial  applications  in  the 
communication  and  materials  processing  industries. 

Our  novel  approach  to  combining  solid  state/diode/fiber  laser  with  molecular  laser 
technology  can  lead  to  tlie  next  generation  of  medium  and  high  power  mid  infrared  lasers, 

2.2  Physical  Properties  of  HBr  Lasing 

The  physical  and  chemical  properties  of  HBr  are  well  known  and  thus  lend  it  to 
facile  lasing  in  the  4  micron  region  [1-4].  For  reference,  spectroscopic  parameters  related  to  HBr 
are  collected  in  Table  1  in  Appendix  A.  Figure  2  shows  a  simplified  energy  level  diagram  of  the 
first  four  vibrational  states.  Each  vibrational  state  contains  a  band  of  rotational  levels.  The 
energy  spacing  of  two  adjacent  rotational  levels  is  on  the  order  of  500  GHz.  The  spectroscopic 
data  shown  in  figure  2  are  taken  from  reference  [3],  The  broadening  of  the  absorption  line  is 
described  by 
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where  k  is  Boltzmann’s  constant  T  is  the  gas  temperature,  M  is  the  mass  of  HBr,  c  is  the  speed 
of  light,  and  Vo  is  the  frequency  center  of  the  transition.  At  room  temperature  and  pressures  on 
the  order  of  30  Torr,  inhomogeneous  broadening  dominates  with  a  FWHM  of  400  MHz.  The 
molecule  occurs  naturally  in  two  isotopic  forms,  based  on  the  naturally  occurring  Br  and  Br 
isotopes,  with  a  relative  abundance  of  1.02  to  1.0.  The  resulting  isotope  level  splitting  is  about 
33  GHz.  At  room  temperature  only  the  v  =  0  state  is  populated  with  the  population  reaching  a 
maximum  in  the  J=3  rotational  state.  Excitation  of  the  0-3  transition  is  followed  by  rotational 
relaxation  (typical  relaxation  times  at  T  =  300  K  and  p  =  30  Torr  are  on  the  order  of  10  ns). 
Lasing  on  adjacent  vibrational  levels  can  occur  at  the  wavelengths  shown  in  Figure  2.  Since  the 
rotational  level  spacing  is  much  greater  than  the  vibrational  energy,  dissipation  is  minimal  and 
>85%  of  the  absorbed  energy  can  be  theoretically  converted  to  the  laser  output. 


1.34  iim 

a  oj  =  2.7x10-2' cm- 


J 

V  =  3 


v  =  2  ==  I 

— ^ 
v  =  1  -  i 


v  =  0 


^  =  4.2  nm 

0  32  =  2.7x10-'*  cirf 

X  =  4.05  (am 

0  2,1  =  2.2x10-'*  cirf 

A,  =  3.91  (xm 

o  1 0  =  1.7  X  10-'*  cirf 


Figure  2.  Simplified  HBr  energy  levels.  Shown  are  the  first  four  vibrational  states.  The 
rotational  levels  (J)  are  indicated.  The  cross  sections,  a,  are  from  [3]. 

From  Figure  1,  the  wavelength  of  v  =  3  ->  2  transition  lies  outside  the  transmission  window 
of  the  atmosphere.  However,  the  wavelengths  given  in  Figure  2  refer  to  the  center  of  the 
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vibrational  transitions,  between  the  R  and  P  branch.  Figure  3  shows  approximate  positions  of 
the  R  and  P  branch  of  the  v  =  3  2  transitions  along  with  absorption  due  to  2  m  propagation  in 

the  atmosphere.  If  the  J  =  5  level  is  populated  through  optical  pumping  of  v  =  0  ->  3,  then 
(neglecting  rotational  relaxations)  the  R(4)  and  P(6)  transitions  would  be  expected  to  lase. 
However,  the  P  transitions  will  be  selectively  absorbed  by  the  atmosphere  (primarily  by  CO2). 
Therefore,  one  possibility  for  operating  with  all  photons  in  the  transmission  window  would  be 
to  include  an  intra-cavity  cell  of  high  pressure  CO2.  This  cell  would  act  as  a  low  pass 
wavelength  filter,  allowing  the  shorter  wavelength  R  transitions  to  operate. 


1.0 


0.8  - 


Absorption  in 
2  m  air 


v=3->2,P(6) 


•42 

Wavelength,  rim 


Figure  3:  Approximate  positions  of  the  HBr  v  =  3  2  lines  are  compared  to  absorption  due 

to  2  m  propagation  in  the  atmosphere. 

The  HBr  rotational  linewidths  are  on  the  order  of  a  few  hundred  MHz  under  typical  operating 
gas  pressures  and  are  separated  by  approximately  0.5  THz.  In  order  to  pump  HBr  with  a 
Nd:YAG  laser,  the  wavelength  of  the  YAG  laser  must  be  precisely  controlled  and  operated  with 
a  narrow  spectrum.  Intra-cavity  dispersive  elements,  such  as  a  prism  or  etalon,  were  used  to 
force  the  YAG  to  operate  on  a  single  transition.  Then,  temperature  tuning  of  the  YAG  laser  was 
used  to  move  the  peak  of  the  transition  as  near  as  possible  to  an  HBr  absorption.  Finally, 
injection  seeding  the  YAG  with  a  narrow  bandwidth  seed  laser  allowed  fine  control  of  the 
wavelength  of  the  YAG  laser  and  also  narrowed  the  spectrum  to  a  few  hundred  MHz. 
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3.0  Technical  Objectives 

Several  key  features  of  an  optically  pumped  systems  must  be  demonstrated  in  this  Phase  I 
that  prove  the  viability  of  these  concepts.  These  are  pump  source  frequency  control,  optical 
coupling  efficiency  into  the  molecular  system,  and  the  molecular  physics  associated  with  lasing 
and  competing  kinetic  processes.  We  propose  to  use  NdiYAG  pumping  on  the  HBr  (3,0) 
transition  at  1.34  microns  with  lasing  at  4  microns  to  examine  these  issues  and  to  build  a 
prototype  0.1  J  laser.  In  this  regard,  the  Nd:YAG  pumped  HBr  laser  system  will  serve  as  a  test¬ 
bed  for  proving  the  technology  essential  for  building  both  mid  infrared  and  shorter  wavelength, 
diode  and  fiber  laser  pumped  molecular  systems. 

The  technical  objectives  of  Phase  I  are: 

a.  Development  of  a  0.1  J  per  pulse,  efficient  1.3  pm  Nd:YAG  pumped  laser  complete 
with  a  model  that  describes  laser  performance  and  is  validated  experimentally. 

b.  Apply  the  Nd;  YAG  results  to  modeling  and  analysis  of  advanced  diode  and  fiber  laser 
pumped  molecular  systems  including  the  H-X,  alkali  and  interalkalai  metal  dimer, 
halogen  and  interhalogen  molecular  families.  Trade-off  the  capabilities,  scaling 
potential,  and  technical  risks  of  these  systems  and  identify  the  best  system  for  design 
of  a  demonsrtation  laser. 

c.  Develop  a  conceptual  design  of  a  1  kW,  demonstration  laser  using  the  selected  fiber  or 
diode  pumped  molecular  laser  concept.  This  design  will  be  accompanied  by  a  model 
that  predicts  laser  performance. 

4.0  Results 

The  key  issues  for  efficient  energy  transfer  from  the  Nd;YAG  to  the  HBr  is  the  frequency 
tuning  and  narrowing  of  the  pump.  Our  approach  is  a  two-step  process.  First,  the  Nd.YAG  will 
be  tuned  by  adjusting  the  temperature  of  the  laser  head  and  its  lasing  bandwidth  will  be 
narrowed  using  a  combination  of  passive  intracavity  elements  (prism  and  etalons).  It  is  to  be 
explored  if  frequency  stability  and  purity  in  combination  with  high  pulse  energies  are  sufficient 
to  pump  HBr  efficiently.  Second,  the  NdiYAG  laser  will  be  seeded  with  a  narrow-band  diode 
laser,  available  commercially  from  New  Focus,  tuned  to  the  HBr  transition.  In  case  the  intrinsic 
frequency  stability  of  the  diode  is  not  sufficient,  this  laser  can  be  locked  to  the  HBr  absorption. 
If  even  fiirther  stability  is  required  for  high  power  operation,  the  cavity  length  of  the  YAG  laser 
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can  be  actively  controlled  for  optimum  seeding  efficiency.  The  evolution  of  these  design 
features  is  detailed  in  the  following  sub-sections,  culminating  in  the  demonstration  of  an 
optically  pumped  HBr  laser  at  4  microns. 

4.1  Nd:YAG  Source  Characterization 

Xhe  YAG  laser  used  in  these  experiments  is  an  SEO  Schwartz  1-2-3  laser.  SEO  Schwartz  is 
now  owned  by  LaserSight  Technologies  (407  678-9900);  they  still  support  the  1-2-3  Laser.  The 
1-2-3  Laser  as  it  was  originally  configured  was  a  flash  lamp  pumped,  fi'ee-running  YAG  laser 
with  a  simple  linear  cavity.  The  cavity  mirrors  have  high  reflectivity  in  the  1.3  pm  region  and 
low  reflectivity  in  the  1  pm  region  to  suppress  the  high  gain  1.064  pm  line  and  allow  operation 
on  the  1.3  pm  transitions. 

Measurements  of  the  Nd;YAG  fluorescence  were  made  to  help  determine  the  best  line  in  the 
1.3  pm  region  to  use  for  pumping  HBr.  These  transitions  are  the  ->  in  Nd.  The  cavity 
mirrors  were  removed,  and  the  fluorescence  was  collected  with  a  lens  (f  «10cm)  and  propagated 
to  the  Jarrel-Ash  2  m  monochromator.  Using  narrow  band-width  diode  lasers  at  1.32  pm  the 
resolution  of  this  monochromator  was  measured  to  be  approximately  0.5  angstrom.  Because  of 
the  single  shot  nature  of  the  Nd:YAG  laser,  the  signal  out  of  the  monochromator  was  measured 
with  an  InGaAs  photodiode  (terminated  into  one  MOhm),  and  averaged  using  a  lockin  amplifier 
with  a  time  constant  of  one  second.  The  measured  fluorescence  is  plotted  in  Figure  4.  The 
labeling  of  the  lines  is  taken  from  Kaminskii  [1].  These  fluorescence  lines  also  allow  for 
calibrating  the  monochrometer  at  1.3  pm.  The  difficulty  with  these  labels  is  that  the  published 
values  for  these  lines  can  vary  by  as  much  as  3  angstroms  from  reference  to  reference.  In 
addition,  a  significant  amount  of  recoil  in  the  mechanical  rotation  of  the  monochrometer  grating 
meant  that  the  wavelength  measurements  from  the  monochrometer  had  an  uncertainty  of  as 
much  as  an  angstrom.  Therefore,  for  detailed  measurements  of  the  lasing  wavelength,  we  use 
absorption  spectroscopy  of  HBr  with  a  narrow-band  diode  laser. 

A  higher  resolution  measurement  of  the  Nd;YAG  fluorescence  in  region  of  1.34  pm  is 
plotted  in  Figure  5,  along  with  the  absorption  due  to  the  v  =  0  3  transition  of  HBr,  Only  the  R 

branch  of  this  transition  is  plotted.  The  plot  includes  absorptions  due  to  both  isotopes  of  HBr, 
H'^^Br  and  H^^Br.  The  lower  wavelength  branch  belongs  to  the  more  abundant  isotope,  H^r. 
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Figure  4;  Nd:YAG  fluorescence  in  the  1.3  [im  region  on'*  F  3/2-^  1 13/2 


Absorption 


R  branch  otv=0to  3 


Figure  5:  Nd:YAG  fluorescence  in  the  1.34  fim  region,  overlaid  with  the  R-branch  transitions 
of  HBr  (calculated  from  Hitran). 


For  reference,  the  wavelengths  of  the  HBr  transitions  are  tabulated  in  Table  1  along  with  other 
overtone  transitions. 

From  Figure  5,  one  can  see  a  number  of  promising  possibilities  for  pumping  HBr.  We  chose 
the  1.338  |im  transition  because  it  is  the  strongest  in  the  region,  although  the  transitions  at  1.335 
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^im  and  1.341  ^im  lie  closer  to  HBr  absorptions.  The  1.338  pm  transition  also  has  the  advantage 
of  being  near  the  peak  of  the  R  branch. 


4.2  Frequency  Tuning  of  the  Nd:YAG 

In  order  to  force  the  Y  AG  laser  to  operate  on  a  particular  transition,  a  dispersive  element  is 
required.  Our  first  attempts  made  use  of  intra-cavity  sapphire  prisms.  The  laser  spectrum  for 
two  different  alignments  of  the  prism  is  shown  in  Figure  6.  Even  with  two  prisms  in  the  cavity, 
operation  on  a  single  transition  proved  difficult.  Operation  on  all  the  transitions  in  Figure  4  was 
observed;  with  the  use  of  an  additional  intra-cavity  etalon,  consisting  of  a  200  pm  thick 
microscope  cover  glass  slide,  suppressing  all  but  a  single  transition.  However,  energy  in  this 
configuration  was  low  (a  few  mJ).  Furthermore,  no  tunability  away  from  the  peak  of  the 
transition  was  observed.  An  estimate  of  the  linewidth  expected  with  two  intra-cavity  sapphire 
prisms  yields  approximately  20  GHz. 
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Figure  6:  Spectrum  of  the  YAG  laser  with  intra-cavity  prism. 


An  interesting  aspect  of  operating  the  YAG  laser  at  different  frequencies  is  that  the  YAG 
laser  emits  a  distinct,  popping  sound  when  oscillating  on  the  1.356  pm  transition.  This  sound 
can  not  be  localized  to  a  single  optical  element,  but  is  heard  along  the  length  of  the  laser 
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resonator.  A  high  resolution  scan  of  the  Nd:YAG  fluorescence  around  1.356  jim  is  shown  in 
Figure  7  and  illustrates  the  dips  in  the  fluorescence  profile  around  1.357  |im  and  1.355  |im. 
These  match  with  water  absorptions  in  the  atmosphere  (as  calculated  by  HiTran). 

A).  B). 


Figure  7:  A).  Nd:YAG  fluorescence  of  the  1.356  ^m  line.  B).  Atmospheric-absorptions. 

Because  the  peak  of  the  Nd:YAG  fluorescence  does  not  lie  at  an  HBr  absorption,  we  used 
temperature  tuning  of  the  YAG  crystal.  The  fluorescence  peak  moves  to  longer  wavelengths 
when  the  YAG  crystal  is  heated.  The  spectrum  of  the  YAG  laser  was  measured  using  a 
scanning  Fabry-Perot  interferometer.  The  Fabry-Perot  used  flat,  high-reflective  mirrors 
designed  for  an  iodine  laser  (1.315  ^m).  Again,  because  of  the  pulsed  nature  of  the  YAG  laser, 
the  signal,  measured  by  an  Anomalies  photodiode  terminated  into  1  MOhm,  was  averaged  using 
a  lock-in  amplifier.  The  averaging  time  was  approximately  1  s,  meaning  the  ramp  time  of  the 
Fabry-Perot  had  to  be  much  longer  than  one  second.  Typically,  the  ramp  time  was  set  to  60  s  or 
greater.  The  free  spectral  range  of  the  Fabry-Perot  was  estimated  by  measuring  the  distance 
between  the  mirrors.  With  the  Fabry-Perot  mirrors  spaced  by  1.5  mm  this  gives  a  FSR  for  the 
interferometer  of  100  GHz  and  a  resolution  of  300  MHz  (assuming  a  nominal  reflectivity  of 
0.99  at  1.338  ^m).  In  such  a  setup,  the  resolution  will  be  primarily  limited  by  the  ramp  time 
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versus  the  averaging  time  of  the  lock-in.  For  a  ramp  that  scans  the  foil  free-spectral-range  of  the 
Fabry-Perot  in  one  minute,  the  interferometer  scans  over  1.5  GHz  during  the  averaging  time  of 
the  lock-in  amplifier. 

The  YAG  laser  was  operated  without  etalons  or  prisms  in  the  cavity  to  avoid  affecting  the 
spectrum  due  to  intra-cavhy  dispersive  elements.  Under  such  conditions,  the  YAG  laser 
operates  simultaneously  on  both  the  1.319  pm  and  1.338  pm  transitions.  The  chiller  temperature 
was  adjusted,  ^d  the  system  was  allowed  to  come  to  equilibrium  by  monitoring  the  shift  in  the 
laser  spectrum.  Typically  it  took  10-15  minutes  for  the  system  to  stabilize  after  adjusting  the 
chiller  temperature  by  5  degrees.  A  plot  of  the  spectrum  (as  measured  by  the  Fabry-Perot)  for 
different  chiller  temperatures  is  shown  in  Figure  8 A  (only  the  1.338  pm  line  is  shown,  for 
clarity),  with  a  linear  fit  to  the  positions  of  the  peaks  shown  in  Figure  8B.  The  linear  fit  gives  a 
tuning  of  1.3  GHz/°C.  This  can  be  compared  to  measurements  of  the  shift  in  the  peak  of  the 
fluorescence  using  the  monochrometer,  which  returns  a  value  of  1.8  GHz/°C.  Measurement  of 
the  width  of  the  spectrum  in  Figure  8  yields  10  GHz,  as  compared  to  a  fluorescence  line  width 
of  125  GHz  (from  Figure  5).  In  addition  to  the  shift  in  lasing  wavelength  in  Figure  8,  regularly 
spaced  dips  in  the  spectrum  can  be  observed.  Originally,  these  were  attributed  to  atmospheric 
water  absorptions,  however  there  are  not  enough  lines  in  the  region  to  account  for  all  the  dips  in 
the  spectrum  It  was  determined  that  these  dips  are  due  to  etalon  effects  from  the  flat-flat 
outcoupling  mirror,  even  though  the  back  surface  was  AR  coated.  A  wedged  outcoupler  did  not 
show  these  effects,  however  currently  the  only  outcoupler  vvith  appropriate  reflectivity  for 
Q-switching  is  flat-flat,  and  shows  these  etalon  affects. 

A  narrow  bandwidth  external  cavity  diode  laser  was  used  to  measure  the  absorption  spectrum 
of  HBr  (Figure  9).  (The  bandwidth  of  the  diode  laser  is  quoted  as  200  kHz  by  Newport.)  Two 
photodiodes,  one  at  the  entrance  to  the  cell,  and  one  at  the  exit,  were  used  to  divide  out  intensity 
fluctuations.  The  HBr  cell  was  one  meter  long,  and  the  pressure  was  100  torr.  This  measured 
absorption  spectrum  can  be  compared  to  the  calculated  one  in  Figure  5.  The  values  for  the 
wavelengths  of  the  transitions  (from  Table  1)  were  then  used  as  an  absolute  calibration  of  the 
wavelength  of  the  diode  laser. 

Rather  then  using  prisms,  we  switched  to  using  intra-cavity  etalons  to  select  the  laser 
transition.  Initially  we  found  that  an  uncoated  microscope  cover-glass  slide  («  200pm  thick)  is 
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freq  (a.u.) 

Figure  8:  A).  Spectrum  of  the  Nd:YAG  laser  opetatiug  on  the  1.338  pm  line  as  a  function  of 
chiller  temperature,  (measured  by  the  Fabiy-Perot  interferometer).  B).  Linear  fit  to  the 
frequency  of  the  peak  of  the  spectrum. 


Figure  9  .  Absorption  spectroscopy  measurement  of  the  R-branch  of  the  v  -  0  ->  3  of  the  HBr 
transition.  The  solid  gray  region  shows  the  measured  tuning  range  of  the  Nd:YAO  laser  with  the 

coolant  temperature  at  25  C. 
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sufficient  to  select  either  the  1.338  ttm  or  the  1.319  ttm  transition.  Bouncing  the  beam  ofi-  a 
diffraction  grating  at  grazing  incidence  is  a  quick  way  to  determine  the  lasing  transition  without 
having  to  resort  to  the  monochromator.  A  thin  (»  lOOgm)  coated  etalon  gives  mote  selectivity, 
allowing  for  single  line  lasing  on  the  1.319,  1.335,  1.338,  and  1.356  gm  transitions.  A  thick, 
uncoated  etalon  was  inserted  into  the  cavity  as  well,  to  give  tunability  away  torn  the  center  of 
the  transition.  This  etalon  showed  approximately  65  GHz  of  tunability  in  a  single  transition. 

4.3  Frequency  StabUization  and  Line  Narrowing 

In  order  to  pump  these  lines  effectively,  the  pump  source  must  have  the  same  or  narrower 

linewidth  and  exhibit  stable  frequency  operation.  Since  a  Q-switched  Nd:YAG  laser  operates 
with  a  width  of  10  GHz,  the  pump  laser  must  be  narrowed.  We  chose  the  technique  of  injection 
seeding  to  narrow  the  linewidth  of  the  YAG  laser  to  100  MHz.  Thus,  to  stabilize  the  frequency 
of  the  YAG  laser  as  well  as  narrow  its  bandwidth  to  the  order  of  a  hundred  MHz,  the  YAG  laser 
was  injection  seeded  with  the  diode  laser.  A  schematic  of  the  injection  seeded  YAG  laser  with 
intra-cavity  etalons,  as  it  is  currently  set  up,  is  shown  in  Figure  10. 


camera  Fabry-Perot  tens 


Figure  10:  Schematic  of  the  Q-switched,  injection  seeded  YAG  laser  pumping  the  HBr  cell. 
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The  Nd:YAG  cavity  is  linear,  consisting  of  a  high  reflector  at  1.34  with  a  2  m  radius  of 
curvature  and  a  flat  outcoupler  with  75%  reflectivity.  This  gives  a  TEMoo  beam  radius  of  0.65 
mm  at  the  outcoupler,  The  cavity  is  approximately  1.1m  long;  a  long  cavity  was  used  in  order 
to  increase  the  size  of  the  TEMoo  mode  as  much  as  possible.  Much  longer,  and  the  cavity 
becomes  unstable  and  pulse  energies  begin  to  decrease.  However,  the  small  mode  volume 
means  that  much  of  the  energy  in  the  YAG  rod  remains  unused. 

The  laser  is  acousto-optically  Q-switched.  The  AOM  driver  takes  a  trigger  signal  from  the 
YAG  power  supply.  An  example  of  a  Q-switched  YAG  pulse  is  in  Figure  11,  showing  typical 
longitudinal  mode  beating  when  the  laser  is  unseeded.  The  YAG  flashlamps  axe  typically  run 
below  their  maximum  level  to  avoid  damaging  coatings  when  the  laser  is  operated  in 
Q-switched  mode.  The  flashlamps  can  be  run  as  high  as  720  V,  but  when  Q-switched,  we 
generally  keep  the  flashlamps  below  600  V.  At  575  V,  the  laser  puts  out  approximately  30  mJ 
per  pulse  (in  TEMoo  mode).  The  diode  laser  can  be  aligned  by  decreasing  the  drive  amplitude  of 
the  AOM  until  the  cavity  hold-off  is  no  longer  sufficient  to  prevent  pre-lasing.  This  allows  a 
small  amount  of  YAG  laser  radiation  to  propagate  back  along  the  first  diffraction  order,  and  the 
diode  laser  can  be  aligned  to  be  co-linear  with  the  YAG  along  the  first  diffraction  order.  Care 
must  be  taken  in  order  to  prevent  the  pre-lasing  YAG  pulse  from  propagating  back  to  the  diode 

laser. 

An  example  of  a  Q-switched  pulse  when  the  YAG  is  injection  seeded  is  shown  in  Figure  11. 
In  contrast  to  the  unseeded  pulse,  the  seeded  pulse  shows  a  smooth  profile.  The  lack  of 
mode-beating  means  that  the  laser  is  operating  on  a  single  longitudinal  mode,  and  it's  bandwidth 
is  less  than  that  of  the  free-spectral  range  of  the  cavity,  or  100  MHz. 

The  injection  seeding  works  as  follows;  as  long  as  the  AOM  is  on,  and  the  YAG  laser  is 
prevented  from  lasing,  seed  light  from  the  diode  laser  is  continuously  injected  into  the  cavity. 
When  the  flash  lamps  are  through  firing,  and  the  AOM  turns  off,  seed  light  is  no  longer  injected 
into  the  cavity.  The  YAG  laser  begins  to  build  up  on  the  one  round  trips  worth  of  seed  light  that 
is  left  in  the  YAG  cavity.  The  Newport  diode  laser  puts  out  4  mW  at  1.34  pm.  Of  this,  0.64 
mW  is  injected  into  the  YAG  resonator,  sufficient  to  seed  the  laser. 

For  injection  seeding  to  be  stable,  the  length  of  the  YAG  cavity  must  be  constantly  adjusted 
so  that  the  wavelength  of  the  seed  light  matches  exactly  one  of  the  longitudinal  modes  of  the 
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Figure  11:  Injection  seeded  versus  unseeded  Q-switched  Nd:YAG  pulses. 

YAG  cavity.  A  standard  technique  for  doing  this  is  based  on  the  concept  of  build-up  time 
reduction.  If  the  seed  light  wavelength  does  not  match  the  wavelength  of  one  of  the 
longitudinal  modes  of  the  YAG  cavity,  the  seed  light  is  rejected  from  the  YAG  cavity.  In  such  a 
case,  the  time  between  when  the  Q-switch  is  opened,  and  the  laser  pulse  is  observed  (the 
build-up  time  of  the  cavity  depends  on  the  spontaneous  emission  rate  of  the  Nd.YAG  rod,  i.e. 

the  length  of  time  to  build  up  a  laser  pulse  from  noise). 

If  however,  the  seed  and  the  YAG  cavity  wavelengths  match  exactly,  seed  light  builds  up 
inside  the  YAG  cavity.  When  the  Q-switch  is  opened  in  this  case,  there  are  a  significant  number 
of  photons  in  the  cavity.  Since  the  YAG  laser  does  not  start  from  noise,  but  rather  from  the  seed 
photons,  the  build-up  time  of  the  cavity  is  significantly  reduced.  For  this  laser,  the  seeded  YAG 
pulse  has  a  build  up  time  shorter  by  almost  200  ns  then  in  the  case  of  the  unseeded  pulse  (Figure 

11). 

One  of  the  end  mirrors  of  the  cavity  is  mounted  on  a  PZT  (A  Burleigh  model  PZ-80  ).  The 
build  up  time  is  measured  by  an  electronic  circuit  that  takes  a  trigger  from  the  AOM  and  a 
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signal  from  a  photodiode  that  detects  the  laser  pulse.  The  circuit  drives  the  PZT  in  such  a  way 
as  to  find  the  minimum  of  the  build-up  time  of  the  cavity.  We  use  a  circuit  based  on  a  design  for 
a  commercial  Spectra  Physics  CCR  YAG  laser,  injection  seeded  by  a  Lightwave  diode  pumped, 
CW  YAG  laser.  The  circuit  diagram,  for  reference  purposes,  is  shown  in  Figure  B-1  and  Figure 
B-2  in  Appendix  B. 

Because  this  circuit  is  designed  for  a  different  laser,  it  expects  the  build  up  time  to  fall 
within  a  certain  range.  If  the  time  between  Q-switch  and  laser  pulse  falls  outside  the  range  that 
the  circuit  can  handle,  the  circuit  will  fail  to  measure  the  build-up  time  properly.  For  this  reason, 
we  use  variable  delay  generators  to  condition  the  pulse  from  the  Q-switch  and  the  photodiode 
for  the  build-up  time  reduction  circuit  (The  circuit  has  50  Ohm  input  impedance).  The  circuit 
puts  out  a  diagnostic  voltage  proportional  to  the  measured  build  up  time.  If  the  build  up  time  is 
too  long  or  too  short,  the  diagnostic  voltage  will  rail  at  its  high  («  12  V)  or  low  («  2  V)  value. 
Incidentally,  this  diagnostic  voltage  is  ideal  for  fine  tuning  the  alignment  of  the  seed  laser  into 
the  YAG  cavity.  The  input  mirror  is  adjusted  such  that  the  build  up  time  (i.e.  the  diagnostic 
voltage)  is  a  minimum  value. 

The  center  wavelength  of  the  laser  was  measured  to  be  1 .3385  pm.  This  is  measured  by  first 
calibrating  the  diode  laser  using  the  absorptions  shown  in  Figure  9  and  comparing  them  to  the 
values  in  Table  1.  The  laser  is  injection  seeded  and  sent  to  the  single-shot  Fabry-Perot 
interferometer.  The  seed  laser  frequency  can  then  be  tuned  to  the  YAG  frequency  by  blocking 
and  then  unblocking  the  seed  laser.  If  there  is  a  frequency  difference  between  the  seed  laser  and 
the  YAG  laser,  the  size  of  the  fringes  from  the  seeded  laser  are  different  then  those  of  the 
unseeded  laser.  By  tuning  the  seed  laser  to  the  center  of  the  YAG  spectrum,  one  can  precisely 
measure  the  YAG  wavelength. 

4.4  HBr  Laser  Oscillation 

In  order  to  pump  the  HBr,  the  diode  laser  is  tuned  to  the  R(4)  transition  of  the  "^^Br  isotope  at 
1.33909  pm.  The  coolant  temperature  is  set  to  85  C.  Given  that  the  measured  temperature 
tuning  of  the  YAG  was  between  1.3  and  1.8  GHz/C,  and  the  YAG  wavelength  is  1.3385  pm  at  a 
coolant  temperature  of  25  C,  we  would  expect' the  center  of  the  transition  to  reach  1.33909  pm 
at  a  coolant  temperature  between  79  and  100  C.  We  begin  to  observe  injection  seeding  at 
1.33909  pm  at  a  coolant  temperature  of  approximately  70  C  at  the  edge  of  the  long  wavelength 
side  of  the  tunability  range.  Alternatively,  given  the  measured  center  wavelengths  and 
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temperature  tuning,  the  coolant  temperature  would  have  to  be  between  -40  and  -64  C  to  reach 
the  1.33781  pm  line  of  the  *'Br  isotope. 

The  HBr  cell  is  approximately  1  m  long.  It  has  CaF2  windows,  as  well  as  a  side  port  with 
CaF2  windows  for  observing  side  fluorescence.  With  50  torr  HBr  in  the  cell  and  the  YAG  laser 
injection  seeded  at  the  HBr  absorption  wavelength  side,  fluorescence  is  observed  using  a  liquid 
nitrogen  cooled,  Mercad-Telluride  detector  (Figure  12).  The  detector  uses  long  wavelength  pass 
filters  to  reject  any  of  the  scattered  pump  radiation.  The  fluorescence  signal  is  passed  by  a 
wavelength  filter  that  has  a  cut-on  at  3.4  pm  but  is  blocked  by  any  amount  of  BK7  glass  or 
fused  silica  (these  glasses  start  absorbing  around  2  pm.).  When  the  YAG  is  injection  seeded  and 
the  fluorescence  is  present,  the  HBr  pressure,  measured  by  a  baratron,  is  observed  to  inaease  by 
a  few  millitorr.  In  addition  an  audible  sound  can  be  heard  at  high  pump  energies.  Acoustic 
signals  have  been  used  in  other  experiments  to  detect  narrow  molecular  absorptions  in  gases. 
This  small  pressure  jump  is  the  signal  we  typically  use  while  tuning  the  seed  laser  frequency  in 
order  to  find  the  HBr  absorption. 


Figure  12:  Side  fluorescence  of  HBr  at  4  microns  when  the  Nd:YAG  is  seeded  versus 
unseeded. 
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A  4  resonator  was  then  built  around  the  HBr  cell.  One  end  mirror  was  flat,  with 
approximately  80%  reflectivity  at  4  |im  and  also  highly  reflective  at  1.34  pm  allowing  us  to 
double  pass  the  pump.  The  other  end  mirror  was  a  flat,  uncoated  CaF2  plate.  On  the  mput  side 
of  the  cell,  the  pump  entered  through  a  sapphire  prism,  allowing  us  to  separate  the  1.34  pm  and 
4  pm  beam.  Four  micron  pulses  were  measured  with  a  liquid  nitrogen  cooled,  gold  doped, 
germanium  detector  that,  although  noisy,  allowed  us  to  time-resolve  the  HBr  laser  pulses. 
Examples  of  HBr  laser  pulses  at  two  different  frequencies  are  shown  in  Figure  13.  HBr  lasing  is 
only  observed  when  the  YAG  laser  is  seeded.  The  HBr  pressure  was  measured  with  a  baratron, 
however  the  baratron  was  damaged,  so  the  pressures  quoted  in  Figure  13  are  only  rough 
estimates.  Output  pulse  energy  was  approximately  0.5  mJ.  Most  likely  the  low  output  energy  is 
due  to  the  low  Q  of  the  HBr  cavity  and  the  flat-flat  mirrors  used  for  the  HBr  resonator. 
Although  the  detector  is  noisy,  one  can  see  that  the  pulse  width  is  much  shorter  at  high  gas 
pressure,  and  at  low  pressure,  the  pulse  contains  significant  structure,  possibly  due  to  cascade 
lasing  at  low  pressures.  The  short  duration  of  the  pulses  is  again  most  likely  due  to  the  low  Q 
cavity.  Lasing  was  erratic  because  of  fluctuations  in  the  seeding  of  the  YAG  laser.  Lasing  is 
only  observed  when  the  YAG  laser  runs  single  longitudinal  mode.  For  this  reason,  the  next  step 
is  to  rebuild  the  YAG  laser  for  more  stable  operation. 

More  recently,  a  stable  4  pm  cavity  has  been  built  using  a  high  reflector  at  4  pm  with  a  5  m 
radius  of  curvature  at  the  position  of  the  gold  doped  germanium  detector  in  Figure  10.  The 
mirror  was  aligned  by  first  obtaining  lasing  with  the  CaFz  end  mirror,  and  then  adjusting  the 
alignment  of  the  high  reflector  until  the  signal  on  the  Mercad-Telluride  detector  increased.  This 
stable  cavity  significantly  lowered  the  lasing  threshold  and  increased  the  stability  of  the  4  pm 
laser. 

5.0  Summary  and  Conclusions 

jhe  V  =  0  -^3  transition  of  HBr  has  been  successfully  pumped  by  an  injection  seeded, 
Nd:YAG  laser  operating  at  1.3391  pm  with  subsequent  laser  oscillation  at  4  pm.  In 
accomplishing  this  task,  several  important  design  criteria  were  evolved  and  developed  that 
enabled  the  laser  to  operate.  These  include  the  ability  to  narrow-band  and  frequency  shift  the 
pump  source  and  the  ability  to  efficiently  couple  pump  energy  into  the  lasing  species.  The 
critical  techniques  for  narrow-lining  the  optical  source,  temperature  tuning  and  stabilizing  the 
output  frequency  of  the  optical  source;  the  efficient  coupling  of  optical  energy  into  the 
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Figure  13;  4  |im  laser  pulses  as  a  function  of  HBr  pressure. 

molecular  laser;  and  the  efficient  optical  extraction  from  the  lasing  molecule  have  been 
demonstrated.  In  addition,  work  to  date  has  concentrated  on  high  resolution  spectroscopy  of  the 
HBr  and  NdrYAG  laser  to  ensure  that  the  pump  source  can  be  made  to  overlap  an  HBr 
absorption.  The  Nd:YAG  is  forced  to  operate  in  the  1.3  pm  region  with  dielectric  mirrors  that 
have  a  high  reflectivity  at  1.3  pm  and  low  reflectivity  at  1.064  pm.  Course  frequency  tuning  of 
the  Nd:YAG  is  provided  through  temperature  control  of  the  YAG  rod.  The  1.34  pm  line  is 
selected  using  intracavity  etalons,  and  fine  frequency  control/  bandwidth  narrowing  is  provided 
by  injection  seeding  from  a  narrow  linewidth  tunable  diode  laser. 

Future  work  in  the  development  of  an  optically  pumped  HBr  laser  will  focus  on  stabilizing  the 
seed  laser  and  enhancing  the  energy  output  of  the  device.  A  detailed  design  for  addressing  these 
issues  has  been  advanced.  Included  among  the  projected  steps  to  enhance  the  performance  of 
the  device  are  locking  the  diode  seed  laser  to  an  HBr  absorption  cell,  optimize  the  temperature 
tuning  of  the  Nd:YAG  rod,  increasing  the  length  of  the  cell,  refine  the  HBr  resonator  and  vary 
the  HBr  and  diluent  pressure  and  temperature.  Furthermore,  additional  power  extraction  is 
advocated  by  means  of  coupling  auxiliary  amplifiers  to  the  Nd:YAG  oscillator.  Figure  14 
outlines  these  steps  and  illustrates  the  preliminary  design  features  and  components  for  scaling 
the  optically  pumped  HBr  laser  to  high  powers. 
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Proposed  Design  Features  to  Enhance 
HBr  Laser  Performance 


Figure  14. 


1.  Lock  diode  seed  laser  to  HBr  cell  (work  in  progress) 

2.  Measure  spectrum  of  4-nm  HBr  laser  emission 

3.  Optimize  current  low-energy  set-up 

a.  optimize  Nd:YAG  temperature 

b.  vary  HBr  and  diluent  pressure 

c.  increase  length  of  cell 

d.  optimize  HBr  resonator 

e.  chill  HBr  cell 

f  use  isotopically  enriched  HBr 

4.  Scale  pump  laser  by  means  of  adding  amplifiers 


High  Energy  Pump  Laser  Concept: 
Addition  of  Auxiliary  Power  Amplifiers 


HBr  Cell 


1. 339- nm  diode  Nd:YAG  Oscillator  \  400  mJ  Pre-amp 

seed  laser 


I 


- 

j  -  .  — - ^ 

IJ 

V4  HR 


HR  V4  Power  amplifier 


Note:  May  need  Faraday  i  solator 


Key 


Component  available 
To  be  purchased 


Design  Steps,  Features  and  Components  for  Enhancing  the  HBr  Laser  Performance. 
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Appendix  A.  HBr  Data 

Table  A-1:  Some  physical  and  spectroscopic  data  of  HBr  [4-8]. 


v^O 
X  (/im)  1 

»  =*  0 
X  (/•■»)  1 

3 

v»0 

X  (m“)  I 

4 

1.9371 

0.012T7 

1.33413 

0.01103 

1.03471 

0.04080 

1.93738 

0.01255 

1.33438 

0.03054 

1.0349 

0.07457 

1.93785 

0.03537 

1.38448 

0.03013 

1.03539 

0.04466 

1.93814 

0.03463 

1.33472 

0.03454 

1.02586 

0.04972 

1.93898 
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1.33493 

0.03382 

1.02663 

0.0494 

1.93937 
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1.33546 
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1.03760 
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0.1904 

1.3356 
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1.33639 
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1.02874 
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0.3537 
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0.0766 
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1.94475 
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1.33781 
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0.6441 
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1.34762 
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0.02655 

1.05198 
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1.05532 
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0.04749 
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0.9218 

1.373 
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0.03434 
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0.9581 
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0.03350 
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0.4016 
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1  0.1149 

Doppler  linewidth  at  300  K 

400  MHz 

Pressure  broadening  coefficient 

lOMHz/Torr 

V  =  0  3  abs.  CT0S3  section 

2  X 10'®  cm* 

i;=:l-40s.e.  cross  section 

2.5  X 10'*®  cm* 

anharmonicity  constant,  Xt 

0.0171 

2649.1  cm-^ 

rotational  constant 

2.546  x10^1 3-1 

moment  of  inertia 

3.298  xlO-'‘*kgm* 

approx,  separation  of  rotational  transitions 

0.5  THz 

approx,  isotopic  separation 

40  GHz 

isotopic  abundance 

”Bt  =  50.5% 

*iBr  =  49.5% 

Gain  on  u  =  3  2  transition  after  pump 

pmnp :  30  mJ,  1  mm  &imeter  , . 

1  HBr :  1  m  cell,  50  Torr 

0.1  cm"^ 
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Figure  B-2.  Build-up  time  reduction  circuit. 
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